Abstract-A procedure for computational dosimetry to verify safety standards compliance of mobile communications base stations is presented. Compared with the traditional power density method, a procedure based on more rigorous physics was devised, requiring computation or measurement of the specific absorption rate (SAR) within the biological tissue of a person at an arbitrary distance. This uses a hybrid methd of moments/finite difference time domain (MoM/FDTD) numerical method in order to determine the field or SAR distribution in complex penetrable media, without the computational penalties that would result from a wholly FDTD simulation. It is shown that the transmitted power allowed by the more precise SAR method is, in many cases, between two and five times greater than that allowed by standards implementing the power flux density method.
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I. INTRODUCTION
T HE traditional method for assessment of the compliance of fixed radio transmitters with safety guidelines is to calculate the radiated power flux density (PFD) in Watts per square meter at the minimum distance of approach by personnel and to compare this with the maximum values that are specified in many safety guideline documents [1] , [2] . The calculation of PFD may be undertaken using simple far-field power-based relationships or by a more accurate computational-electromagnetics method that predicts electric field strength in arbitrary directions and distances, converting this to PFD ( ) through the standard relation . The PFD procedure is not viable for hand-held transmitters which couple to the biological tissue in the near field and for this situation a procedure based on more rigorous physics is used, requiring computation or measurement of the specific absorption rate (SAR) within the biological tissue. This method is thus directly related to the rate of deposition of the heat energy in the tissue. This approach requires detailed computational models if it is to be assessed predictively, but such techniques have now become well-established [3] .
It is thus desirable that the techniques developed for compliance assessment based on SAR be extended to cover transmitters further from the human head than is normal for mo- bile handsets. Unfortunately, if the finite difference time domain method is used to simulate this, the size of the computational problem becomes excessive when the transmitter is further than a modest distance from the body. An alternative is to use an integral equation method such as the method of moments (MoM). This will model the field from the antenna at arbitrary distances with good accuracy, but the size of the computational task becomes unrealistic if it is used to represent the detailed structure of the human head. A solution to this problem is to use a computer program that is a hybrid of finite difference time domain (FDTD) and MoM such that the more appropriate of these two methods can be applied to the different parts of the problem. A hybrid MoM/FDTD method may be said to have been first investigated in 1982, when Taflove and Umashankar [4] used a hybrid FDTD/MoM approach to investigate coupling problems and aperture penetration into complex geometries and loaded cavities, for example a missile guidance section. This used MoM to solve the exterior problem and FDTD to model complex interior problems. The two regions were linked via an equivalent short-circuit electric current excitation in the aperture regions of the structure. Unlike the present work, it did not employ computations of equivalent magnetic current on a virtual equivalent surface and it was only intended for field penetration problems into a closed cavity region. In 1987, the same authors [5] used an equivalent surface fully enclosing wire bundles to replace them with a single wire in the FDTD model. Later, the concepts in [4] and [5] were deployed in the program GEMACS [6] which used MoM/uniform theory of diffraction (UTD)/finite difference frequency domain (FDFD) hybrids to model problems with multiple regions. FDFD was used to model the interior region(s) only.
More recently, Bretones et al. presented [7] a time-domain version of MoM in a hybrid approach for studying the transient excitation of a thin wire antenna located in the proximity of an inhomogeneous dielectric scatterer and above a perfectly electrically conducting ground plane. Also, Cerri et al. [8] used a time-domain version of MoM for a hybrid technique [8] . These methods have the advantage of generating information over a wide frequency band. They do not require an iterative procedure to couple with FDTD, but they require large run-times when treating a junction with more than two wires [9] . In contrast, the frequency-domain version used here allows complex metallic structures to be modeled accurately in modest run-times and with more flexibility for modeling different complex geometries. This is aided by the greater maturity, flexibility and industrial acceptance of frequency-domain MoM 0018-9375/$20.00 © 2005 IEEE programs, due to the longer period over which they have been evolving. Huang et al. [10] employed a hybrid technique for modeling the interaction of ground-penetrating radar (GPR) with complex ground using a combination of frequency domain MoM, Fourier transformation and iterations. This method has the same principles as the method proposed in the present work, while it focuses on GPR applications (the project started independently of, and approximately contemporaneously with, the present work [18] . The principal differences are in the applied MoM versions and in the implementation procedures). Recently, another hybrid MoM/FDTD method [11] was applied for numerical simulations of SAR and the magnetic field of shielded RF coils loaded with a human head for a biomedical application. In [12] the source antenna is modeled as a stack of Hertzian dipoles. However, in [11] and [12] , the authors neglect the effect of the back-scattered field on the source. The same approximation is used in [13] which is oriented toward two-dimensional UHF/VHF propagation problems.
Research into these methods is intensifying and more groups have become interested. Rubio Bretones et al. have recently published a method to combine the numerical electromagnetic code (NEC) MoM program with FDTD [14] . However, the chosen method for calculation of the back-scattered field on the wire results in long run times as the algorithm entails running the FDTD code times (where is the number of the basis functions on the wire antenna): this is avoided in the work presented below. Some interesting comparisons between the MoM and FDTD numerical methods are published in [15] for modeling electrically small antennas and in [16] for radiation and scattering involving dielectric objects. The advantages of each technique are discussed: this shows how the hybrid method is a promising and effective technique, being able to exploit the strengths of both methods.
The combination of FDTD and frequency-domain MoM that is extended in the present work was originally developed for the case of a mobile phone adjacent to a human head [17] - [21] . When modeling a mobile phone, the MoM region is kept as small as possible, just sufficient to contain the phone itself and simulate its complex (e.g., helical) antenna. This region is placed as a subdomain within the FDTD region and surrounded by a pair of bounding surfaces (a Huygens surface and an equivalence-principle surface) which are used to relaunch the inward and outward travelling fields between the two domains.
For studies of the effect of base stations on the body, the size of the moment-method region would be too large for it to be treated as a subdomain, and hence a modified formulation was devised, essentially treating the FDTD region as the subdomain. To achieve correct conversion between the frequency and time domains, simple Fourier transforms (monochromatic, including phase information) are applied between each iterative step, in which interim field data is transferred between MoM and FDTD. The induced currents for the source region are first obtained, excluding the effect of the scatterer in the FDTD region, using the frequency domain version of MoM. The fields due to these currents are obtained on the closed surface (Huygens surface) [22] that separates the source from the scatterer. Oscillating with respect to a reference phase of the source, these fields or their equivalent surface currents are converted to time-domain inci- dent fields or current sources using an inverse discrete Fourier transform. The FDTD algorithm is now executed with these time-domain sources to obtain the induced currents on the scatterer. The back-scattered fields on the source side of the Huygens surface become supplementary excitations for the source region. These fields or their equivalent current sources are transferred to the frequency domain using a discrete Fourier transform, in which the phase difference relative to the reference phase of the source is taken into account. The MoM model is then rerun to evaluate the induced currents on the source region due to both the source excitation region and the induced equivalent current sources from the FDTD method. The method is repeated until a steady-state solution is obtained.
II. THEORY OF THE METHOD
Firstly, consider Fig. 1 , which shows a source region and a scatterer subregion. The scatterer region is bounded by the closed surface , on which the equivalence principle will be applied. The method starts by applying the MoM for the source (assuming internal excitation exists in the source region). The fields on the equivalence-principle surface can then be computed. Thus the excitation surface currents that are required to run the FDTD, including the scatterer region, can be evaluated as follows: (1) (2) where and are the scattered electric and magnetic fields on the surface . and are the equivalent surface currents on the same surface and is the unit vector directed outwards from the (closed) surface.
Thus these currents are treated as the source in the FDTD domain, propagating fields to the scatterer by using the and time-domain equations. Thus, the time-domain equations on the surface can be stated as follows:
The resulting difference equations for the electric and magnetic field components are given in [23] by applying the total-field/scattered field formulation. The back-scattered fields for each source region are computed by FDTD at (the closed surface exterior to, and surrounding, ). The equivalent surface currents due to these fields, representing an additional source in the MoM domain are given by (5) (6) where and are the back-scattered fields computed at . and are the electric and magnetic equivalent surface currents at . Now, the voltage back-scattered on the source region (the excitation for the MoM) can be evaluated using either of the following equations defined by the reciprocity theorem: is the conducting surface area of the antenna structure.
is the electric test function used on the wire or the patch, usually a uniform pulse to account for the excitation voltage at the center of the wire segment and the patch for the MoM using NEC [24] . and are the electric and magnetic fields respectively for the test function . It should be noted that, in applying (7), there is no magnetic test function specified in NEC [24] . Since and can be obtained easily using NEC, after ignoring the sinusoidal basis function, and noting that the cell mesh size used in FDTD will be very small compared to the operating wavelength, (8) can be reduced by ignoring the surface integral and evaluating the voltage back-scattered corresponding to the center of the cell surface, as shown below (9) where is the position vector of the center of the cell surface , is the total number of the cell surfaces on the equivalent surface and is the surface area of the cell. Therefore and are considered to be the equivalent surface currents at the center of the surface of the cell . Since the excitation voltages are known, the MoM can be executed to compute the new currents and the procedure can be repeated until a steady state solution is reached. A flowchart of the procedure is shown in Fig. 2 .
III. TESTS OF THE METHOD
As a first step, a test with a strongly coupled structure was undertaken to check the correct functioning of the total/scattered field formulation of the hybrid code. It also served to test the number of iterations required for convergence and the effect of the Huygens surface size. In a second test a dipole antenna was modeled close to a human head, but exterior to the FDTD region modeling the fields in the head. The results were compared with those from a purely FDTD computation, using a larger region that enclosed the dipole.
A. Dipole Adjacent to Perfectly Conducting Plate
An antenna adjacent to a perfectly conducting plate was first chosen as a verification example. The antenna was modeled using both NEC [24] and an in-house MoM code (implementing polynomial basis functions and Galerkin's solution [17] ): it was a half-wavelength dipole with wire radius , directed along the -axis. The conducting plate used had height and width , modeled by FDTD exactly as for the verification example of the time-domain MoM/FDTD technique used in [8] . The separation distance between the antenna and the plate was varied and the input impedance of the dipole was the target of comparisons between a pure NEC model [24] and both hybrid code versions (in-house MoM/FDTD [20] and NEC/FDTD [17] ). Three runs were executed for different Huygens surface sizes: "run 1" -a 20 6 60 cell Huygens surface surrounding the antenna; "run 2" -an 80 12 80 cell Huygens surface surrounding the plate; "run 3" -a 100 10 100 cell Huygens surface surrounding the plate. The FDTD cell size was . Fig. 3 shows the input impedance of the dipole versus separation distance from the plate, for the "run 2" case. Very good agreement is observed between the two versions of the hybrid code and the NEC model for the same problem. The convergence rate is illustrated in Figs. 4 and 5 which show that four or five iterations are sufficient, even for a modest ( ) separation between dipole and plate. This is a remarkably low number of iterations: for a highly resonant structure it could be higher, while for more heavily damped structures (e.g., biological tissue) the number could be lower, as it depends on the fraction of backscattered field with respect to the forward field.
B. Validation Test With Human Head Model (Pure FDTD versus Hybrid)
The test simulated a dipole antenna close to a human head, corresponding to the situation of a person close to a microcell antenna located at face level. The antenna was excited at 1800 MHz, with parameters: length m; radius m; distance ( ) from the centre of the antenna to the origin the centre of the head m ; number of segments in MoM model of dipole (see Fig. 6 ). The existing Bradford University human head model was used as a test piece [25] : this is clearly insufficient to model whole-body interaction with base station fields, but was adequate to test the method. The head was located with respect to the , , and axes as follows:
• axis is considered to be the ear-to-ear line; • axis is considered to be passing through the largest distance (17 cm) from the back to the front of the head (the nose axis) and the origin is located on the centre of this line; • axis is vertical, through the origin. The system was modeled in two ways: a) with the hybrid method, so that the FDTD region only enclosed the head, and b) with a purely FDTD method, enclosing the head and the dipole. It was essential that the dipole be located relatively close to the head, so that a fully-FDTD model would be tractable, using current computers.
For case a), the FDTD zone parameters were: cell size mm; problem space size including PML ABC cells; Huygens surface size cells (centred); number of cycles of waveform used in each update of the FDTD region ; number of time steps per cycle . For case b), the antenna was modeled in FDTD by setting the electric field parallel to its axis equal to zero along its length, which was 8.25 cm (33 cells). The radius of the antenna was not taken into account in this pure FDTD simulation: the problem space size was 112 152 112 cells. Figs. 7 and 8 show a comparison of the electric field magnitude over the central -slice. The antenna radiated power was normalized to 1 W and the scale shown is in decibels. It is clear that the distributions within the head and in its near environment compare very well. The electric field distributions were converted to SAR and averaged over 10 g (as specified in the NRPB and ICNIRP standards [1] , [2] ): results are shown in Table I .
The maximum difference in the absolute SAR values, averaged over 10 g, computed by the pure FDTD method and the hybrid method was 0.8031 versus 0.7684, equivalent to 4.32%. This is a satisfactory result, particularly since the representation of the dipole in the hybrid method is much more accurate than in pure FDTD.
IV. STUDIES OF SAR IN A HEAD CLOSE TO A MICROCELL ANTENNA
The situation modeled in case (b) above was used to investigate the safety compliance of low-power microcell base sta- Fig. 9 . Peak SAR calculations (in deciebls) for the three main median planes for half wavelength dipole antenna behind (left column) and in front of (right column) the head. Frequency 1800 MHz, distance 0:5 from nearest point of head. Radiated power normalized to 1 W. tion antennas very close to the head. At small distances, it is reasonable to omit the rest of the body from the model: this enables computer power to be focused on high-resolution modeling of the head structure. Six simulation runs were undertaken at 1800 MHz, with the antenna 0.5, 1, and 2 wavelengths from the head, which was oriented facing both toward, and away from, the antenna. The SAR values are shown in Table II and the SAR distributions in Fig. 9 (different sections for same distance) and Fig. 10 (same section for different distances) . Similarly, the results for 900 MHz are shown in Table III and Fig. 11 .
The results in Table II show that, for a radiated power of 1 W, the SAR is well within the ICNIRP guidelines for the particular case presented here; however it is noteworthy that, when averaged over 10 g, the maximum SAR with the antenna in front of the head is higher than when it is at the rear. The graphs in Fig. 10 . Peak SAR calculations (in decibels) for front-rear vertical median plane for half wavelength dipole antenna behind (left column) and in front of (right column) the head, for the distances shown. Frequency 1800 MHz, radiated power normalized to 1 W. Fig. 9 appear to show that this is because of local field concentration in the nose. On the other hand, when the SAR is averaged over the whole head (analogous to the "whole-body" averaging threshold stipulated in many standards), the situation with the antenna at the rear is slightly more onerous. The results in Fig. 10 show the expected fall in maximum SAR and a trend toward more uniform distribution of SAR across the cross section with increasing distance from the antenna. In particular, it may be noted that the SAR in the nose becomes relatively intense even when the antenna is at the rear of the head, when it is at the largest distance investigated (2 wavelengths): this is presumably due to the phenomenon of field concentration at a point.
For the 900-MHz case, it is clear from the results that the worst cases are again, for 10 g averaging, when the antenna is in front of the head and, for whole-head averaging, when it is at the back. The appropriate worst cases will thus be used for calculating maximum power limits for comparison with the results from the various PFD methods for safety-compliance assessment. The results in Fig. 11 show the same phenomena as observed in Fig. 10 , but with an increased tendency toward uniformity, partly due to the greater penetration depth at this lower frequency and partly due to the greater distances from the antenna, since the distances were measured in wavelengths.
V. MAXIMUM PERMISSIBLE RADIATED POWERS DICTATED BY THE SAR METHOD
By dividing the values of maximum SAR in Tables II and  VI by the limiting values specified in the safety guidelines, the (Table IV) . Considering the data for 1800 MHz, it is noticeable that the values generated by whole-body averaging are below the corresponding ones for 10 g averaging, except at the shortest distance. This indicates that the SAR is relatively diffuse at distances greater than a half-wavelength at this frequency and the whole-body criterion takes precedence in this region. At distances of a half-wavelength and less, the 1800-MHz values generated by 10 g averaging pass below those for whole-body averaging and will clearly become more significant at shorter distances. At 900 MHz, it is seen that the whole-body SAR values are well below those for 10 g averaging, even at distance.
VI. COMPARISON OF OUTCOMES OF SAR AND PFD METHODS
The implications of SAR and PFD-based assessment for 1800 MHz can be succinctly compared, at the limits of the distance range studied, in Table V . The NRPB criteria at 0.33 m show a single case where SAR-based assessment leads to a lower value of maximum power than PFD-based, but the difference is small. For all of the other cases shown, use of SAR-based assessment gives a higher value of permitted maximum power, by factors of between two and five.
Considering now the corresponding results for 900 MHz, it is seen that the results generated by whole-body averaging stay well below the corresponding ones for 10 g averaging at all of the distances examined. This suggests that "peaking" of the SAR is not significant at the distances displayed here.
The implications of SAR and PFD-based assessment at 900 MHz are compared in Table VI . In all of these cases, SAR-based assessment leads to a higher value of maximum power than PFD-based, by factors of between 1.4 and 4.
Regarding the contents of the Tables III-VI , it is evident that the PFD criteria, being based on approximations, contain conservative estimates that restrict the maximum allowable powers, in most cases, to a lower level than those permitted by the SAR method. In almost all cases, the SAR method permits the radiation of more power than is allowed by the PFD method. The most significant cases are seen when the ICNIRP guidelines are compared: the power allowed by the SAR method is between two and five times greater than that allowed by the PFD method. Since the SAR method is based on more precise science, it should be taken as the more accurate guide.
VII. CONCLUSION
A new hybrid computational electromagnetics procedure has been presented, implementing an FDTD region as a subdomain within a region modeled by a frequency-domain Method-ofMoments region. The method has been shown to give satisfactory results for test cases involving strong coupling between an antenna and either a conducting plate or a detailed penetrable model of the human head.
The use of the method to verify safety compliance of microcell base station antennas was demonstrated and it has been argued that, since this permits SAR to be determined for antennas at an arbitrary distance, it is superior to the traditional PFD approach for determining safety compliance of relatively distant antennas. The example given has proved the validity of the principle, although a whole-body model would obviously be necessary if more distant antennas were to be considered. It has been shown that the PFD criteria, being based on approximations, contain conservative estimates that restrict the maximum allowable powers. In most cases, the SAR method permits the radiation of more power than is allowed by the PFD method. The most significant cases are seen when the ICNIRP guidelines are compared: the power allowed by the SAR method is between two and five times greater than that allowed by the PFD method. Since the SAR method is based on more precise science, it should be taken as the more accurate guide.
